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ULTRA-HIGH EFFICIENCY COLOR MIXING
AND COLOR SEPARATION

The present application claims priority from U.S. Provi-
sional Patent Application Ser. No. 61/404,062, filed Sep. 27,
2010, which application 1s mncorporated herein by reference.

TECHNICAL FIELD

The present invention relates to an apparatus and methods
for combining, or for separating, spectral components of light
and, more particularly, to the use of a polychromat for either
of those purposes.

BACKGROUND ART

Color mixing 1s essential to achieving white light 1llumi-
nation for a variety of applications ranging from street and
automotive lighting, to residential, LCD displays and enter-
tainment lighting. White light 1s typically achieved by 1llumi-
nating phosphor materials with blue light that emait red and
green light. When the three colors combine, the overall emit-
ted light looks white. Such an approach is depicted in FIG. 1,
where blue light 101 emitted from a p-n junction illuminates
phosphors 102 that emit red 103 and green 104 light. Com-
bination of the three colors produces white light.

The foregoing approach for combining light of distinct
colors suifers from three main disadvantages:

The phosphors tend to degrade over time. This adversely
alfects the color output lifetime as well as the overall
elficiency of the device.

The overall device has lower elliciency than normal
3-color LED systems. This 1s primarily due to heat loss
from Stokes shift (inelastic scattering) and phosphor-
related degradation problems. Hence, the high intrinsic

eificiency of the LED 1s not achieved.

The system sutters from poor color stability and rendering.
Color control for high-quality lighting 1s difficult with
this approach since 1t 1s almost impossible to control the
relative light output at the different colors.

Another approach to the generation of white light employs
three separate LEDs at the primary colors, red, green and blue
(RGB). This allows for independent control of intensity at
cach color, hence much better color gamut 1n the output light.
In the simplest case, the three LEDs are simply packaged in a
single, hermetically sealed, case. As no method for high effi-
ciency three-color mixing has been proposed, the three colors
mix 1n the course of propagation and white light 1s produced.
This produces significant non-uniformaities in the white light
output and 1t 1s difficult to control the quality of the white
light. Color mixing methods that involve the use of diffusers
suifer from 1ntrinsic efficiency losses due to absorption and
scattering of the light in the diffuser.

SUMMARY OF EMBODIMENTS OF THE
INVENTION

Embodiments of the mvention provide for the use of a
polychromat, 1n conjunction with color light sources such as
light-emitting diodes, for very efficient color mixing 1n light-
ing, display, spectroscopy, and related applications.

In accordance with preferred embodiments of the present
invention, a color-combining apparatus is provided that has a
plurality of sources of 1llumination, each source of i1llumina-
tion emitting a beam characterized by a distinct spectral
range. Together, the beams are said to constitute a set of
beams. The apparatus also has a polychromat for adapted
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2

defining light output properties 1n at least one volume upon
illumination of the polychromat by the plurality of sources of
1llumination.

In various embodiments of the invention, the polychromat
1s adapted to define light output properties not only 1in one
volume but 1n a plurality of volumes upon illumination of the
polychromat by the plurality of sources of illumination. The
light output properties defined 1n at least two of the plurality
of volumes may be mutually distinct light output properties.

In other embodiments of the present invention, the poly-
chromat may be adapted to combine the set of beams 1nto an
output beam. The polychromat may be further adapted to
define a propagation direction of the output beam.

In further embodiments of the invention, the polychromat
may be adapted to define at least one property of light 1n a
specified volume of space, where the one property chosen
from the group of properties including (1) intensity; (i1) color;
(111) color uniformity; and (1v) polarization. Where an output
beam 1s formed, the polychromat may be adapted to define at
least one property of the output beam, the one property cho-
sen Irom the group of properties including: (1) intensity; (i1)
color; (111) color uniformity; (iv) divergence angle; (v) degree
of collimation; (v1) polarization; (vi1) focus; and (vi11) beam
waist.

In yet further embodiments of the mvention, the distinct
spectral ranges of the respective sources of 1llumination may
be substantially spectrally non-overlapping. The color-com-
bining apparatus may also have a computer-generated holo-
graphic plate disposed between each source of 1llumination
and the polychromat. The plurality of sources may be, but
need not be, disposed on a non-planar substrate. At least one
controller may be provided for independently controlling
cach light source. A subset of the plurality of sources, up to
the enfirety thereof, may share a common electrode. The
polychromat may be fabricated on a transparent material or
on an absorbing material. It may be adapted to operate 1n a
transmission mode or a reflection mode. It may be binary,
multi-level or have a gradient index of refraction distribution.
The polychromat may also include a parquet of polychro-
mats.

Another embodiment of the present invention provides an
enhanced-privacy display having a plurality of source pixels
emitting electromagnetic radiation, each pixel characterized
by a divergence angle; and a polychromat disposed adjacent
to each pixel for narrowing a field of view of radiation as
viewed from a position distal to the source pixels.

Yet another embodiment of the present invention provides
a high-etficiency LCD display having a source of polarized
backlighting, a plurality of LCD pixels disposed substantially
in a plane, and a polychromat disposed between the source of
polarized backlighting and the plane of LCD pixels for sepa-
rating the backlight into certain spectral components.

In accordance with another aspect of the present invention,
a method 1s provided for combining colors. The method has
steps of:

a. 1lluminating a polychromat with electromagnetic radia-
tion from plurality of sources, each source characterized
by a distinct spectral range; and

b. combining the electromagnetic radiation from the plu-
rality of sources such that radiation emerging from the
polychromat has specified color and power umiformity
and degree of collimation.

In an alternate embodiment of the invention, there may be

a Turther step of controlling the output beam spatial distribu-
tion to produce a desired pattern or texture.
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In accordance with yet another aspect of the present inven-
tion, a method 1s provided for at least one of multiplexing and

demultiplexing optical signals. The method has steps of:

a. 1lluminating a polychromat with electromagnetic radia-
tion from plurality of sources, each source characterized
by a distinct spectral range and emitting a distinct spec-
tral component;

b. combining the electromagnetic radiation from the plu-
rality of sources for coupling into an optical conduit
having an output; and

c. coupling the output of the optical conduit to a second
polychromat for separating the electromagnetic radia-
tion into the distinct spectral components.

In a further aspect of the present invention, a method for

high-resolution 1maging 1s provided, with steps of:

a. exciting radiation in a sample, the radiation comprised of
a plurality of spectral components indicative of distinct
functionality;

b. separating the plurality of spectral components by means
of a polychromat; and

c. separately imaging the distinct spectral components.

In accordance with another embodiment of the invention,
an improvement 1s provided to a spectrometer having a dis-
persive element for dispersing spectral components of a light
input, where the improvement includes substitution of the
dispersive element with a polychromat. The polychromat
may be optimized for achueving a specified diffraction effi-
ciency, or to direct spectral bands onto specified detector
pixels. The polychromat may be optimized to suppress speci-
fied diffraction orders, and to increase input light acceptance
of the spectrometer. The polychromat may also serve as a
powered diffractive optic, focusing diffracted light onto the
detector array.

BRIEF DESCRIPTION OF THE DRAWINGS

The present patent or application {ile contains at least one
drawing executed 1n color. Copies of this patent with color
drawing(s) will be provided by the Patent and Trademark
Office upon request and payment of necessary fee.

The foregoing features of the invention will be more
readily understood from the following detailed description,
considered with reference to the accompanying drawings, 1n
which:

FIG. 1 schematically depicts a prior art LED with a blue
source and phosphors for generation of other color compo-
nents resulting 1n a color-mixed output;

FI1G. 2 1s a schematic diagram of one embodiment of a color
mixing system, in which light of different colors from an
array ol light sources (such as LEDs) illuminates a set of
intermediate computer-generated holograms (CGHs) that
pre-condition the light to then illuminate a polychromat,
which mixes the colors, producing a color-mixed output, in
accordance with one embodiment of the present invention;

FIG. 3 depicts light sources mounted on a non-planar sub-
strate directly illuminating a polychromat designed to per-
form color mixing, in accordance with another embodiment
of the present 1nvention;

FIGS. 4(a) and 4(b) depict, respectively, cross-sectional
schematics of a configuration of sources with separated bot-
tom electrodes for each source, and with a common bottom
electrode for all sources, 1n accordance with various embodi-
ments of the present mvention;

FIG. 5 1s a phase map for optimized intermediate CGHs
used 1mn a RGB color-mixing system in accordance with an
embodiment of the present invention, based on the geometry

of FIG. 2
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4

FIG. 6 1s a height map for an optimized polychromat used
in a RGB color-mixing system in accordance with an embodi-

ment of the present invention, based on the geometry of FIG.
2,

FIG. 7 depicts simulated output intensity distributions, for
cach spectral channel independently, 1n a plane disposed 1
mm behind the polychromat, 1n accordance with an embodi-
ment of the present invention;

FIG. 8 depicts a simulated color-mixed output intensity
distribution, 1n accordance with an embodiment of the present
imnvention;

FIG. 9 depicts a simulated “textured” output intensity dis-
tribution, 1n accordance with an embodiment of the present
imnvention;

FIG. 10 shows privacy enhancement of a display 1n accor-
dance with an embodiment of the present invention;

FIG. 11(a) shows a Conventional display; FIG. 11(b) a
polychromat-based display; and FIG. 11(c) a polychromat
block separating the RGB colors onto separate LCD pixels, in
accordance with embodiments of the present invention;

FIG. 12 shows the use of a polychromat for color separa-
tion 1n the context of sub-difiraction-limited resolution 1mag-
ing, in accordance with embodiments of the present mven-
tion;

FIG. 13 shows the use of a polychromat for an optical
interconnect 1 both multiplexing and demultiplexing steps;

FIG. 14(a) shows a prior art conventional spectrometer
based on a diffraction grating for dispersing input light. FIG.
14(b) shows the use of a polychromat 1n place of the disper-
stve element, 1n accordance with embodiments of the present
invention; and

FIGS. 15(a)-15(e) show steps of polychromat fabrication
based on scanning-optical beam lithography and replication
using nanoimprint lithography: (a) conventional method for
binary structures; (b) grayscale method for multi-level struc-
tures; (c¢) replication process; (d) and (e) scanning-electron
micrographs of a blazed grating and cylindrical microlens
tabricated using grayscale technique, all in accordance with
embodiments of the present invention.

DETAILED DESCRIPTION OF SPECIFIC
EMBODIMENTS

Definitions. As used 1n this description and the accompa-
nying claims, the following terms shall have the meanings
indicated, unless the context otherwise requires:

The term “polychromat” shall refer to a solid medium
characterized by a structured surface or inhomogeneous
index of refraction, giving rise to a multiple-wavelength dii-
fractive optic that 1s non-periodic and lacks rotational sym-
metry. The diffractive optic may be a binary or multi-level
phase optic 1n certain embodiments, however the invention 1s
not so limited. Examples of polychromats and teachings
related to their design and fabrication may be found i US
Published Application 2010-0097703 (Menon, herematter,
the “Menon *703 Application”), and 1n Dominguez-Cabal-
lero, “Design and Optimization of the Holographic Process

for Imaging and Lithography,” Ph.D. Thesis, Massachusetts

Institute of Technology, February, 2010, available at http://
dspace.mit.edu/handle/1721.1/57696, both of which are
incorporated herein by reference.

The term “binary diffractive element” shall refer to an
optical element having the property that a beam having a
planar phase front undergoes one of two phase shiits at every
position 1n a plane transverse to the propagation direction of
the beam upon transmittal through, or retlection from, the
clement.
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The term “multilevel diffractive element” shall refer to a an
optical element having the property that a beam having a
planar phase front undergoes one of a plurality of phase shifts
at every position 1n a plane transverse to the propagation
direction of the beam upon transmittal through, or reflection
from, the element. An example 1s a diflraction grating which,
instead of a continuous analog blaze, has quantized stepped
surfaces.

As used herein, when multiple beams are said to have
“distinct spectral ranges,” their spectral ranges may overlap in
part.

In accordance with the present invention, methods and
apparatus are provided for ultra-high efficiency color mixing,
to be employed, for example, for purposes of lighting, display
and related applications. The methods and apparatus
described herein involve the use of an optical element referred
to herein as a polychromat, which allows mixing a plurality
input colors, and, more particularly, to combining three or
more 1input colors to produce a uniform output beam of white
(or other color) light with high efficiency and color stabaility,
as well as conditioning optical properties of the output beam.

A first embodiment of the invention 1s described with rei-
erence to a schematic depiction 1n FIG. 2. In the geometry
depicted 1n FIG. 2, a set of intermediate computer-generated
holograms (CGHs) 205 1s used to assist 1in the redirection and
preconditioning of the light emitted by the sources 201, 202,
and 203. Of the sources, one 1s typically red 201, one green
202, and one blue 203, although any other spectral combina-
tion of 1llumination 1s within the scope of the present inven-
tion. Each CGH 205 1s optimized for its corresponding opera-
tion wavelength to achieve high diffraction efficiency.
Optimization of a CGH for high diffraction efficiency 1is
taught 1n Dominguez-Caballero (2010), on pp. 47-92 and in
Dominguez-Caballero et al., Design and sensitivity analysis
of Fresnel domain computer genervated holograms, Int. J.
Nanomanufacturing, vol. 6, pp. 207-18 (2010), incorporated
herein by reference. The light diffracted by the intermediate
CGHs 1lluminates a polychromat 210 whose diffraction pat-
tern then produces a color-mixed output 1llumination 215 as
specified by the designer. While each of the spectral compo-
nents of output i1llumination 215 1s substantially co-colli-
mated, 1t 1s to be understood that various properties of the
output beam 215, such as collimation degree, intensity uni-
formity, rendering and color stability, can be accurately con-
trolled by proper design and optimization of the polychromat
clement. Such proper design and optimization is taught in the
Menon 7703 Application and in Dominguez-Caballero
(2010).

An alternate embodiment of the invention 1s now described
with reference to FI1G. 3. Light sources 301, 302, and 303 are

disposed 1n a non-coplanar fashion, such as by mounting on a
non-planar substrate 303. Of the sources, one 1s typically red
301, one green 302, and one blue 303, although any other
spectral combination of 1llumination 1s within the scope of the
present invention. While emission of light sources 301-303 1s
typically 1n the visible portion of the electromagnetic spec-
trum, 1t 1s to be understood that apparatus and methods in
accordance with the teachings provided herein may be
employed in other portions of the spectrum, including, with-
out limitation, microwave, submillimeter, infrared, and ultra-
violet. By virtue of the non-coplanar mounting, intermediate
CGHs are not required. The direct output from the light
sources 1lluminates polychromat 310, which, again 1s
designed to perform the color mixing and yield a mixed
output beam 315.
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Color Control

Methods and apparatus in accordance with the present
invention may advantageously atford greater control over the
output light than previously possible. Each of the light
sources 301, 302, 303 (such as LEDs) 1n the array can be
independently controlled by one or more controllers 318 to
which each LED is electrically coupled. For example, the
light output from each of the red, green and blue LEDs may be
controlled independently by controlling LED input currents.
This allows the primary colors to be produced at specified
ratios, thereby achieving an extremely wide dynamic range of
colors including white light. In this case, the polychromat 1s
preferably designed to respond with equal and high efficiency
for the 3 primary colors. In particular, the polychromat 1s
designed to account for the fact that the light sources are
staggered spatially and mix the colors appropnately.
Device Structure

Light sources 201, 202, and 203 may be integrated into a
single substrate as shown or simply be a combination of
discrete elements, as 1llustrated 1n cross-sectional views in

FIGS. 4(a) and 4(5). Bottom electrodes 401, 402, 403 and top

clectrodes 404 may be separated for each source by isulators
406, as shown 1n FIG. 4(a), or, alternatively, a common bot-
tom electrode 405 may be used, as shown 1n FIG. 4(b). The
substrate 1tself may be used as the bottom electrode as well.
Separate electrodes are useful if the sources are connected
independently via the bottom electrodes and buried conduct-
ing lines. Buried lines are preferred to preclude interference
with emitted light.
The Polychromat

Polychromat 210 (shown in FIG. 2) 1s an optical element,
preferably flat, that 1s numerically designed to perform the
desired color mixing and beam shaping, such as collimation
or specific beam divergence, for a given set of mput light
beams. In addition, the polychromat can be flexibly designed
to produce umiform (tlat top) or non-uniform (e.g., Gaussian)
output intensity distributions. The polychromat can be
designed to condition the light 1n an unrestricted or restricted
three-dimensional region in space. One or more output
regions may be defined. The design of polychromats to

accomplish the specified definition of intensity distributions
in volumetric regions 1s fully laid out in the teachings of the
Menon *703 Application and Dominguez-Caballero (2010).
Additional degrees of freedom provided by the polychromat
makes 1t suitable for a wide range of applications subject to
different requirements and constraints.

In accordance with preferred embodiments of the iven-
tion, polychromat 210 1s composed of micro or nanostruc-
tured corrugations on a substrate such as glass. The location
and height of the corrugations are determined based on non-
linear optimization algorithms subject to a set of constraints
given by the selected geometry and target application, as
described in Dominguez-Caballero (2010). For example, for
the geometry shown in FIG. 2, the optimization problem 1s
divided 1n two parts, one involving the optimization of the
intermediate CGHs and the other for optimizing the poly-
chromat. These two optimization blocks can be coupled
together to improve the global system eificiency. As an
example, FIG. 5 shows the optimized phase map for three
intermediate CGHs designed for a RGB system with center
wavelengths: A=650 nm (red), A=530 nm (green), and A=480
nm (blue). The intermediate CGHs also consist of micro/
nanostructured corrugations on a substrate. The physical
height of the corrugations is related to resulting phase map
according to:
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Ap(X, y) (1)

I'(x, y)= T

where T(x, y) 1s the corrugations height map, A(X, y) 1s the
phase map, n, and n, are the refractive indices of the substrate
and surrounding medium respectively. In a preferred embodi-

ment of the mnvention, CGHs 2035 (shown in FIG. 2) are 100

umx 100 um 1n s1ze, with a pixel pitch of 0.5 um and are placed
approximately 1 mm away from the LED sources. The LED
sources are preferably 15 umx15 um in size, and are arranged
in a line spaced by approximately 200 um.

A height map of an optimized polychromat 1s shown 1n
FIG. 6. In the example shown, both the intermediate CGHs
and the polychromat have the same pixel pitch of 0.5 um and
are assumed to be fabricated on a fused silica substrate with
corresponding dispersion values taken into account.

FI1G. 7 shows a simulated output intensity distribution for
cach spectral channel independently, where a distinct single
LED 1s “turned on” 1n each plot. The intensity distribution 1s
computed at an output plane 1 mm away from the polychro-
mat. As can be seen, each spectral channel 1s correctly colli-
mated and outputs a high-etficiency uniform intensity distri-
bution. The system’s mean diffraction efficiency 1s 80.83%.
FIG. 8 shows the corresponding color-mixed output (all
LEDs are “turned on”).

In accordance with alternate embodiments of the present
invention, polychromat 210 may advantageously produce
“textured” illumination, suitable for such applications as
entertainment lighting, for example. F1G. 9 shows an example
of the output textured intensity distribution after the poly-
chromat optimized for a RGB color-mixing system based on
the geometry of FIG. 2.

Privacy Filter for Displays

Referring, now, to FIG. 10, in accordance with further
embodiments of the present invention, polychromat 210 may
be designed to decrease the field-of-view (FOV) of a display
150 and thereby enhance privacy. In a conventional display
151, light from each pixel 152 diverges at a large angle 155.
This makes the display viewable at larger angles, and thus
impedes privacy. In accordance with embodiments of the
present invention, polychromat 215 1s designed such that the
angular divergence of the output light 160 from the pixel 15
1s reduced as shown. If the polychromat 215 1s placed close
enough to the pixels as shown, then each color can have 1ts
own design. Hence, the polychromat may consist of tiled
blocks, each block designed for the wavelength incident on 1t.
Each block is then angle- (1.e., space-) multiplexed to account
tor the wide extent of the source. The color mixing in this case
1s achieved naturally by the propagation of light. I the gap
between the polychromat and the pixels 1s larger, then wave-
length multiplexing can be employed 1n the design.
Ultra-Efficient Color Filter for Displays

Polychromat 215 may also be advantageously used to
increase the etficiency of color filters 1n LCD displays. This
application 1s illustrated in FIGS. 11(a)-11{c). In a conven-
tional LCD display, the primary colors are achieved by
absorbing color filters, as shown 1n FIG. 11(a). White light,
alter passing through an LCD pixel, 1s absorbed in a conven-
tional color filter to create the primary colors, red, green and
blue (RGB). Since this works by absorption, its efliciency 1s
less than 33%. Polychromat 2135 1s used to simply separate the
RGB colors from the white light and have the separated colors
incident on separate LCD pixels (or pixel sectors) as shown 1n
FIGS. 11(5) and (c). The etliciency can be as high as 80-90%,

limited only by the design of the polychromat. The diffuser 1s
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removed prior to the polychromat in order to decrease the
acceptance angle. In this case, the diffuser may be placed after
the polychromat (not shown 1n the 1llustration).

Separation of Fluorescent Signals for High-Resolution 5-ID
Imaging

Recently, several techmiques have been developed to
achieve deep sub-diffraction-limited resolution in 3-D using
switchable fluorophores 1n fluorescence microscopy. Such
techniques are described, for example, by:

Hell, et al., Breaking the diffraction vesolution limit by
stimulated emission: stimulated-emission-depletion
fluorescence microscopy, Opt. Lett., vol. 19, pp. 780-82
(1994);

Huang, et al., Three-Dimensional Super-Resolution Imag-
ing by Stochastic Optical Reconstruction Microscopy,
Science, vol. 319, pp. 810-13 (2008);

[4] H. Shrotf, et al., Live-cell photoactivated localization
microscopy of nanoscale adhesion dynamics, Nature
Methods, vo. 5, pp. 417-23 (2008); and

[3] Hess, et al., Ultra-High Resolution Imaging by Fluo-
rescence Photoactivation Localization Microscopy,
Biophys. J., vol. 91, pp. 4258-72 (2006),

all of which publications are incorporated herein by refer-
ence.

Various of these techniques also use fluorophores that emat
at different wavelengths for functional specificity. In this
case, the signals are passed through interference filters while
imaging. This 1s achieved by separating the emission signals
by time or by diverting the different colors via dichroic filters
onto separate detectors. A polychromat, in accordance with
embodiments of the present invention, can offer a far simpler
approach to color separation. This allows for the different
emission signals to be detected simultaneously, thus allowing
for high temporal resolution (or fast imaging). This also
allows for the use of the same CCD camera as long as separate
pixels may be assigned to the separate colors. In most
approaches this 1s clearly feasible. The polychromat 1s placed
in the position of the interference filter. It separates the signal
by wavelength and assigns each signal-wavelength to a sepa-
rate pixel block on the CCD camera as indicated 1n FIG. 12.
Thus, this allows for high resolution 1maging 1n all 3 spatial
dimensions as well as the additional 2 dimensions of color
(for specificity) and time (for fast processes).

Multiplexer and Demultiplexer for Optical Interconnects and
Optical Communications

Referring, now, to FI1G. 13, a polychromat 130 can be used
as a multiplexer and demultiplexer for optical interconnects
such as intra-board chip-to-chip modules. A discussion of
challenges confronting such interconnects may be found 1n
Mill, Rationale and Challenges for Optical Interconnects to
FElectronic Chips, Proc. IEEE, vol. 8, pp. 728-49 (2006). In
the multiplexing step, polychromat 130 1s designed to com-
bine the different discrete parallel input channels and redirect
them 1nto a single physical channel, such as an optical fiber
135, for efficient input handling. In the demultiplexing step,
the combined broadband signal coming out of the physical
channel 1s spectrally separated, and each spectral band 1is
redirected to 1ts corresponding photodetector for efficient
output handling. Polychromat 138 allows multiple channels
to be handled 1n parallel with high conversion efficiency for
ultra-high-speed data transier applications. A similar design
may be used advantageously for multiplexers and demulti-
plexer used 1 optical communications.

Optical Spectrometers

Referring, now, to FIGS. 14(a) and 14(b), 1n alternate
embodiments of the present invention, a polychromat 140 1s
used i place of a dispersive element 142, such as a diffraction
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grating, for conditioning the mput light 141. Conventional
spectrometers based on diffraction gratings typically suffer
from low efficiencies as the grating 1s optimized for a single
wavelength. In contrast, the polychromat 140 may be design
based on multiple wavelengths and hence increasing the etfi-
ciency of the system. In addition, using the polychromat, the
amplitude distribution of the spectral output can be controlled
to produce a uniform or “colored” output distribution, acting
cifectively as a band-pass filter. The light output from the
polychromat can be optimized to match the spectral bands
onto the appropriate detector pixels. The polychromat may be
design to avoid the use any additional secondary optics.

FI1G. 14(a) shows a conventional Czerny-"Turner spectrom-
cter, although all spectrometer configurations are within the
scope of the present invention. Input light 141 1s first retlected
by a collimating mirror 143 and redirected to the difiraction
grating 142. The diffraction grating 142 disperses the light
into multiple spectral bands, which are then focused by an
imaging mirror onto a detector array 145. FIG. 14(b) shows a
spectrometer, designated generally by numeral 14, that incor-
porates a polychromat 140. Input light 141 1s again collimated
and redirected, here, to the polychromat 140. The polychro-
mat 140 disperses the input beam 1nto multiple spectral bands
and performs an 1maging operation, redirecting the light to
the appropriate regions on detector array 145. The polychro-
mat shown operates 1n retlection mode and may be curved (or
“powered”), thereby allowing for elimination of one of the
secondary optics.

Fabrication of the Polychromat

Polychromat 2135 may be fabricated from a glass, plastic or
other dielectric with high transmission across the region of
the electromagnetic spectrum (such as the visible region of
the spectrum) over which it 1s employed. Alternatively, it may
be fabricated from a metallic surface and operate 1n reflection
mode. Conventional fabrication techniques such as scanning
optical-beam lithography (SOBL), gray scale lithography or
clectron-beam lithography may be implemented, as
described, for example in Gil et al., The Promise of Diffractive
Optics in Maskless Lithography, Microelectron. Eng., vols.
73-74, pp. 35-41 (2004), Galus, et al., Replication of Diffrac-
tive-Optical Arrays via Photocurable Nanoimprint Lithogra-
phy, I. Vac. Sci. Technol. B., vol. 24(6), pp. 2960-63 (2006),
and 1n U.S. Pat. No. 5,774,239, to Feldman.

To reduce the manufacturing costs a replication process,
such as roll-to-roll embossing, may be adopted. All of these
fabrication techniques have been shown to work well for
fabricating micron-sized features over relatively extended
areas with high fidelity. FIGS. 15(a)-15(¢e) show a fabrication
example based on SOBL and the nanoimprint replication
process. FIG. 15(a) shows the conventional patterming
approach used for fabricating binary structures. To fabricate
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multi-level structures, a “‘grayscale” patterning (variable
dose) technique 1s implemented as shown 1n FIG. 15(5). The
fabrication of multi-level structures, such as blazed gratings
and cylindrical lenses, has been demonstrated, as shown 1n
FIGS. 15(d) and (e). It 1s feasible to create such structures 1n
a transparent plastic, which, when cured, are rigid and robust
to wear. Such a process avoids the pattern-transfer step. Scal-
ability to large-area sources may be achieved, 1n accordance
with further embodiments of the present invention, with a
parquet of polychromats.

The embodiments of the mvention described herein are
intended to be merely exemplary; numerous variations and
modifications will be apparent to those skilled 1n the art. All
such variations and modifications are intended to be within
the scope of the present invention as defined 1n any appended
claims.

What 1s claimed 1s:

1. A high-efficiency LCD comprising:

a. a source of polarizing backlighting;

b. a plurality of LCD pixels disposed substantially 1 a

plane;

c. a polychromat disposed between the source of polarized
backlighting and the plane of LCD pixels for separating
the backlight into spatially distinct and spectrally over-
lapping components; and

d. a diffuser disposed distal to the polychromat with respect
to the source of polarizing backlighting.

2. A color-separating component for a display comprising:

a polychromat for disposition between a source of back-
light and a plane of LCD pixels,

wherein the polychromat 1s adapted to separate the back-
light 1nto specified spatially distinct and spectrally over-
lapping components.

3. The color-separating component of claim 2, wherein the
polychromat 1s adapted to direct overlapping spectral com-
ponents onto distinct pixels.

4. The color-separating component of claim 2, wherein the
polychromat 1s comprised of corrugations on a substrate.

5. The color-separating component of claim 2, wherein the
polychromat 1s comprised of corrugations on glass.

6. The color-separating component of claim 2, wherein the
polychromat includes a multi-layer structure.

7. The color-separating component of claim 2, further com-
prising a post-difiuser, disposed adjacent to the polychromat,
distal to the source of backlight.

8. The color-separating component of claim 2, wherein the
polychromat 1s manufactured using at least one of a roll-to-
roll embossing process, a scanning optical-beam lithography
process, grayscale photolithography and electron-beam
lithography.
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